Amyotrophic lateral sclerosis (ALS) is a devastating fatal motor neuron disease, for which there is currently no cure or effective treatment. In this disease, local neuroinflammation develops along the disease course and contributes to its rapid progression. In several models of CNS pathologies, circulating immune cells were shown to display an indispensable role in the resolution of the neuroinflammatory response. The recruitment of such cells to the CNS involves activation of the choroid plexus (CP) of the brain for leukocyte trafficking, through a mechanism that requires IFN-␥ signaling. Here, we found that in the mutant SOD1 G93A (mSOD1) mouse model of ALS, the CP does not support leukocyte trafficking during disease progression, due to a local reduction in IFN-␥ levels. Therapeutic immunization of mSOD1 mice with a myelin-derived peptide led to CP activation, and was followed by the accumulation of immunoregulatory cells, including IL-10-producing monocyte-derived macrophages and Foxp3 ϩ regulatory T cells, and elevation of the neurotrophic factors IGF-1 and GDNF in the diseased spinal cord parenchyma. The immunization resulted in the attenuation of disease progression and an increased life expectancy of the mSOD1 mice. Collectively, our results demonstrate that recruitment of immunoregulatory cells to the diseased spinal cord in ALS, needed for fighting off the pathology, can be enhanced by transiently boosting peripheral immunity to myelin antigens.
Introduction
Amyotrophic lateral sclerosis (ALS) is a devastating motor neuron disease, which is characterized by the selective death of motor neurons in the spinal cord. Similar to other neurodegenerative diseases and acute CNS insults, ALS pathology is associated with a local innate inflammatory response, in which the resident microglia become chronically activated and contribute to disease progression, rather than to its resolution (Nguyen et al., 2002; Hanisch and Kettenmann, 2007; FrankCannon et al., 2009; Appel et al., 2010) .
Accumulated data have shown that circulating immune cells, including monocyte-derived macrophages (mo-M⌽s) and autoimmune CD4 ϩ T cells, are active players in recovery from acute CNS injuries (Rapalino et al., 1998; Moalem et al., 1999; Hauben et al., 2000; Hofstetter et al., 2003; Olsson et al., 2003; Hendrix and Nitsch, 2007; Shechter et al., 2009) . Specifically, the beneficial autoimmune response that supports CNS repair involves both CD4 ϩ effector and regulatory T cell (Treg) populations (Kipnis et al., 2002; Raposo et al., 2014; Walsh et al., 2014) , and is amenable to boosting by passive or active immunization with a myelin-derived peptide (Moalem et al., 1999; Hauben et al., 2000; Shechter et al., 2009) .
In mutant SOD1 G93A (mSOD1) mice, an animal model of ALS, circulating immune cells were shown to play a role in fighting chronic neuroinflammation; life expectancy is shorter and disease emerges earlier in mSOD1 mice lacking T cells (Beers et al., 2008; Chiu et al., 2008) . Likewise, the increased survival of these mice is associated with the enhanced infiltration of CD4 ϩ T cells to the spinal cord (Beers et al., 2008; Finkelstein et al., 2011) . Boosting CD4 ϩ T-cell levels, including those of effector T cells and Tregs, was shown to delay disease progression (Banerjee et al., 2008; Beers et al., 2011; .
Our group recently showed that the recruitment of inflammation-resolving mo-M⌽s and T cells to the CNS following spinal cord injury involves selective leukocyte entry through the choroid plexus (CP) of the brain to the CNS (Kunis et al., 2013; Shechter et al., 2013; Raposo et al., 2014) . The activation of the CP for such leukocyte entry was shown to be IFN-␥ dependent and was suggested to involve CNS-specific T cells, the levels of which are elevated at the CP following immunization with CNS-related antigens ; such activation can augment the recruitment of inflammation-resolving moM⌽s to the CNS parenchyma following acute spinal cord injury (Shechter et al., 2009) .
Here, we found that in mSOD1 mice the CP is not spontaneously activated along with disease progression to enable leukocyte trafficking. We demonstrated that this limitation is associated with reduced levels of IFN-␥ in this compartment, and functionally linked it to reduced leukocyte numbers in the CSF and limited recruitment of immunoregulatory cells to the spinal cord parenchyma. Evoking a transient immune response to a myelin-derived peptide activated the CP to support leukocyte recruitment to the CNS, and led to the accumulation of IL-10-producing mo-M⌽s and Tregs in the spinal cord ventral horn, and to a significant increase in life expectancy of the mSOD1 mice.
Materials and Methods
Animals. Adult male and female wild-type (WT), mSOD1, CX 3 CR1 GFP/ϩ (Jung et al., 2000) , and EGFP transgenic mice (Okabe et al., 1997) on a C57BL/6J background were supplied by The Jackson Laboratory, Harlan Biotech, and the Animal Breeding Center of the Weizmann Institute of Science. All experiments conformed to the regulations formulated by the Institutional Animal Care and Use Committee of the Weizmann Institute of Science.
Preparation of bone marrow chimeras. Bone marrow (BM) chimeras were prepared by subjecting recipient WT or mSOD1 mice to lethal whole-body ␥-irradiation (950 rad) while shielding the head. The mice were then reconstituted with 5 ϫ 10 6 BM cells of CX 3 CR1 GFP/ϩ donor mice. Using this method, 70% chimerism is achieved. To attain full chimerism (ϳ99%), mice were subjected to a split-dose irradiation, with sublethal whole-body ␥-irradiation (300 rad) without head shielding, 3 d before the lethal (950 rad) irradiation. Chimeric mice were used 6 -10 weeks after BM transplantation.
Grip strength test. Forelimb grip strength was measured using a grip strength meter (TSE Systems). The mice were allowed to hold a bar with their forelimbs and then gently pulled backward, and the maximum strength of the grip before release was recorded. For each mouse, the maximal grip strength result of three trials was used for analysis.
Active immunizations and evaluation of clinical signs of experimental autoimmune encephalomyelitis. For immunizations, 200 g of either MOG or OVA 323-339 peptide (GL Biochem Ltd.) was emulsified in incomplete Freund's adjuvant containing 0.5 mg/ml Mycobacterium tuberculosis (strain H37Ra; Difco), and 200 l was injected subcutaneously into the mice. Clinical signs were evaluated in a blinded fashion by at least two investigators and recorded daily (0, healthy; 1, tail paralysis; 2, ataxia and/or paresis of hind limbs; 3, paralysis of hind limbs and/or paresis of forelimbs; 4, tetraparalysis; 5, moribund state or death).
CSF collection. CSF was collected by the cisterna magna puncture technique. In brief, mice were anesthetized and placed in a stereotactic instrument so that the head formed a 135°angle with the body. A sagittal incision of the skin was made inferior to the occiput, the subcutaneous tissue and muscle were separated, and a capillary was inserted into the cisterna magna through the dura mater lateral to the arteria dorsalis spinalis. Approximately 15 l of CSF could be aspirated from an individual mouse. The collected CSF was taken for analysis by flow cytometry.
Adoptive transfer of isolated monocytes. CD115 ϩ monocytes were isolated as previously reported (Shechter et al., 2009) . Briefly, BM cells were harvested from the femur and tibia of naive GFP ϩ mice, and enriched for mononuclear cells on a Ficoll density gradient. The CD115 ϩ BM monocyte population was magnetically separated using biotinylated anti-CD115 antibodies (eBioscience) and streptavidin-conjugated MACS beads (Miltenyi Biotec) according to the protocols of the manufacturer.
Monocyte purity was routinely checked by flow cytometry based on CD115 reactivity (purity of 85-90% was routinely observed). For injection, mice were anesthetized and placed in a stereotactic instrument so that the head formed a 135°angle with the body. A sagittal incision of the skin was made inferior to the occiput, the subcutaneous tissue and muscle were separated, and 1 ϫ 10 6 cells in 10 l of growth factor reduced Matrigel (BD Bioscience) were injected into the fourth ventricle through the dura mater of the cisterna magna.
Primary culture of choroid plexus cells. After intracardial perfusion with PBS, the CPs of either WT or mSOD1 mice were removed under a dissecting microscope (Stemi DV4; Zeiss) in PBS into tubes containing 0.25% trypsin, and kept on ice. After all the CPs were collected, the tubes were shaken for 20 min at 37°C, and the tissue was dissociated by pipetting. The cell suspension was washed in culture medium for epithelial cells (DMEM/Ham's F12 mixture; Invitrogen) supplemented with 10% FCS (Sigma-Aldrich), 1 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 mg/ml streptomycin, 5 g/ml insulin, 20 M Ara-C, 5 ng/ml sodium selenite, and 10 ng/ml EGF; and cultured (2.5 ϫ 10 5 cells/well) at 37°C, with 5% CO 2 in 24-well plates (Corning) coated with poly-L-lysine (Sigma-Aldrich). After 24 h, the medium was changed, and the cells were either left untreated or were treated with the cytokines IFN-␥ (100 ng/ml) or IL-4 (10 ng/ml) (Peprotech). RNA was isolated using the ZR RNA MicroPrep Kit (Zymo Research) according to the protocol of the manufacturer.
RNA purification, cDNA synthesis, and real-time quantitative PCR. Total RNA from the choroid plexus was extracted using the ZR RNA MicroPrep kit (Zymo Research), and from the spinal cord using the RNeasy Mini Kit (Qiagen). mRNA (1 g) was converted to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The expression of specific mRNAs was assayed using fluorescence-based real-time quantitative PCR (qPCR). qPCR reactions were performed using the Power SYBR Green PCR Master Mix (Applied Biosystems). Quantification reactions were performed in triplicate for each sample using the standard curve method. Peptidylprolyl isomerase A (PPIA) was chosen as a reference gene based on its stability in the target tissue. The amplification cycles were 95°C for 5 s, 60°C for 20 s, and 72°C for 15 s. At the end of the assay, a melting curve was constructed to evaluate the specificity of the reaction. For some genes, the cDNA was preamplified for 14 PCR cycles with nonrandom PCR primers, thus increasing the sensitivity of the subsequent real-time PCR analysis (PreAmp Master Mix Kit; Applied Biosystems). For these genes, expression was determined using TaqMan Real-Time PCR, according to the instructions of the manufacturer (Applied Biosystems). All quantitative real-time PCR reactions were performed and analyzed using a 7500 Real-Time PCR System (Applied Biosystems). The following TaqMan probes were used: Mm02342430_g1 (ppia); Mm00446968_m1 (hprt); Mm00445260_m1 (il-4); Mm01168134_m1 (ifn-␥); and Mm00439614_m1 (il-10). In addition, the following primers were used: PPIA, forward, 5Ј-AGCATACAGGTCCTGGCATCT-TGT-3Ј and reverse 5Ј-CAAAGACCACATGCTTGCCATCCA-3Ј; intercellular adhesion molecule 1 (ICAM-1), forward 5Ј-AGATCACAT TCACGGTGCTGGCTA-3Ј and reverse 5Ј-AGCTTTGGGATGG-TAGCTGGAAGA-3Ј; vascular cell adhesion molecule 1 (VCAM-1), forward 5Ј-TGTGAAGGGATTAACGAGGCTGGA-3Ј and reverse 5Ј-CCATGTTTCGGGCACATTTCCACA-3Ј; chemokine ligand 2 (CCL2), forward 5Ј-CATCCACGTGTTGGCTCA-3Ј and reverse 5Ј-GAT-CATCTTGCTGGTGAATGAGT-3Ј; macrophage colony-stimulating factor (M-CSF), forward 5Ј-CCACATGATTGGGAATGGAC-3Ј and reverse 5Ј-GTAGCAAACAGGATCATCCA-3Ј; fractalkine, forward 5Ј-ATGTGCGACAAGATGACCTCACGA-3Ј and reverse 5Ј-TTTCTC CTTCGGGTCAGCACAGAA-3Ј; CCL5, forward 5Ј-GTGCTCCAA TCTTGCAGTCGTGTT-3Ј and reverse 5Ј-ACTTCTTCTCTGGGT TGGCACACA-3Ј; C-X-C ligand 9 (CXCL9), forward 5Ј-GAGTTCG AGGAACCCTAGTG-3Ј and reverse 5Ј-AACTGTTTGAGGTCTT TGAGG-3Ј; CXCL10, forward 5Ј-AACTGCATCCATATCGATGAC-3Ј and reverse 5Ј-GTGGCAATGATCTCAACAC-3Ј; CXCL12, forward 5Ј-CATCAGTGACGGTAAACCAG-3Ј and reverse 5Ј-TTTCAGATGCTT-GACGTTGG-3Ј; TGF-␤1, forward 5Ј-TACCATGCCAACTTCTG TCTGGG-3Ј and reverse 5Ј-TGTGTTGGTTGTAGAGGGCAAGG-3Ј; IGF-1, forward 5Ј-CCGGACCAGAGACCCTTTG-3Ј and reverse 5Ј-CCTGTGGGCTTGTTGAAGTAAAA-3Ј; GDNF, forward 5Ј-AGAT-GAAGTTATGGGATGTCGT-3Ј and reverse 5Ј-AGGCATATTGGA GTCACTGG-3; TNF-␣, forward 5Ј-ACAAGGCTGCCCCGACTAT-3Ј and reverse 5Ј-CTCCTGGTATGAAGTGGCAAATC-3Ј; and IL-1␤, forward 5Ј-CCAAAAGATGAAGGGCTGCTT-3Ј and reverse 5Ј-TGCTGCTGCGAGATTTGAAG-3Ј.
Multiplex cytokine analysis system. CPs were isolated from the lateral, third, and fourth ventricles of each mouse, and pooled in groups of three, due to the limited amount of protein extracted from a single CP. Spinal cord samples were used from individual mice. The excised tissues were homogenized in PBS containing protease inhibitors (1:100; P8340; Sigma-Aldrich). Four freeze-thaw cycles (3 min each) were performed to break the cell membranes. Homogenates were then centrifuged for 10 min at 500 ϫ g, and the total protein amount in each supernatant was determined by Bradford reagent. Frozen supernatants were assayed in duplicate using a Multiplex bead-based Luminex assay (MILLIPLEX Mouse Cytokine/Chemokine Panel; Millipore), performed by outsourcing (American Medical Laboratories) according to the instructions of the manufacturer. The results are expressed as picograms of protein per milligram of total tissue protein.
Histology. After perfusion of the mice with PBS, the spinal cords were excised and fixed in 2.5% paraformaldehyde (PFA) for 48 h, and then placed in 70% EtOH. The tissue was dehydrated sequentially in EtOH: xylene:paraffin over a gradient of 70 -95-100% and then embedded in paraffin. Sections (6 m thick) were cut and stained with Nissl reagent. For motor neuron size evaluation, 10 cross sections of the lumbar segment of the spinal cord were collected from predetermined depths along the segment and were analyzed for each tested animal. The sizes were determined automatically with Image-Pro Plus version 4.5 software (Media Cybernetics) by an operator who was blinded to the identity (treatment group) of the sections; data are represented in square micrometers.
Immunohistochemistry. After intracardial perfusion with PBS, brain or spinal cord tissues were fixed with 2.5% PFA for 24 h and subsequently transferred to 30% sucrose in PBS solution. Coronal sections (30 m) were blocked with an M.O.M. Immunodetection Kit reagent (Vector Laboratories) containing 0.1% Triton X-100 (Sigma-Aldrich) and stained with the following primary antibodies: mouse anti-cytokeratin (1:100; Covance); rat anti-ICAM-1 (1:100; Abcam); rat anti-CD11b (1: 50; BD PharMingen; BD Biosciences); rat anti-Foxp3 (1:20; eBioscience); rabbit anti-CD3 (1:500; Dako); chicken anti-vimentin (1:500; Millipore); rabbit anti-GFP (1:100; Invitrogen); rabbit anti-laminin (1:100; Abcam); rabbit anti-Iba1 (1:200; Wako); mouse anti-E-cadherin (1:100; Invitrogen); biotin-conjugated goat anti-GFP (1:100; Abcam); and goat anti-IL-10 (1:20; R&D Systems). Secondary antibodies were Cy2-conjugated donkey anti-mouse, Cy2-conjugated donkey anti-rabbit, Cy2-conjugated streptavidin, Cy3-conjugated donkey anti-rat, Cy3-conjugated donkey anti-rabbit, Cy3-conjugated donkey anti-chicken, and Cy3-conjugated donkey anti-goat (1:200; Jackson ImmunoResearch). Each step was followed by three washes in PBS. The tissue samples were mounted onto slides using Immu-mount (Fisher Scientific) and sealed with coverslips. For nuclear staining, Hoechst 33342 fluorochrome was used (Invitrogen). The following two negative controls were routinely used in immunostaining procedures: staining with isotype control antibody followed by secondary antibody; and staining with secondary antibody alone. For microscopic analysis, a fluorescence microscope (Eclipse 80i; Nikon) or a laser-scanning confocal microscope (Carl Zeiss) was used. The fluorescence microscope was equipped with a digital camera (DXM 1200F; Nikon) and with either a 20ϫ numerical aperture (NA) 0.50 or a 40ϫ NA 0.75 objective lens (Plan Fluor; Nikon). The confocal microscope was equipped with LSM 510 laser scanning (three lasers: Ar 488, HeNe 543, and HeNe 633) and with a 20ϫ NA 0.5 Plan-Neofluar objective lens and a 40ϫ water-immersion, NA 1.2, C-Apochromat objective lens. Recordings were made on postfixed tissues at 24°C using acquisition software (NIS-Elements, F3; [Nikon) or LSM (Carl Zeiss). Images were cropped, merged, and optimized using Photoshop version 9.0 (Adobe Systems) to make minor adjustments to contrast; and were arranged using Canvas X (ACD Systems of America).
Flow cytometry, sample preparation, and analysis. Before tissue collection, mice were intracardially perfused with PBS. CP tissues were isolated from the lateral, third, and fourth ventricles of the brain, incubated at 37°C for 45 min in PBS (with Ca 2ϩ /Mg 2ϩ ) containing 400u/ml collagenase type IV (Worthington Biochemical Corporation), and then manually homogenized using a pipette. Spinal cords were homogenized using a software-controlled, sealed homogenization system (Dispomix; http://www.biocellisolation.com) followed by separation on a 40% Percoll (GE Healthcare) gradient to eliminate residual fat tissue. For intracellular staining of IFN-␥, the cells were incubated with PMA (10 ng/ml; Sigma-Aldrich) and ionomycin (250 ng/ml; Sigma-Aldrich) for 6 h, and Brefeldin-A (10 g/ml; Sigma-Aldrich) was added for the last 4 h. For intracellular staining of IL-10, the cells were incubated with protein transport inhibitor, containing monensin (BD Biosciences) for 3 h. Intracellular labeling of cytokines was performed with the Cytofix/Cytoperm Plus Fixation/Permeabilization Kit (BD Biosciences) according to the protocol of the manufacturer. Intracellular staining of Foxp3 was performed using the Foxp3 staining kit (eBioscience) according to the protocol of the manufacturer. The following fluorochrome-labeled mAbs were used according to the protocols of the manufacturers: FITCconjugated anti-CD45.2, phycoerythrin (PE)-conjugated anti-CD4, allophycocyanin (APC)-conjugated anti-IFN-␥, Percp-Cy5.5-conjugated anti-T-cell antigen receptor ␤, and Pacific Blue-conjugated anti-CD45.2 (all from BioLegend); PE-conjugated anti-IL-10 (BD Biosciences); and APC-conjugated anti-CD11b and APC-conjugated anti-Foxp3 (eBioscience). Cells were analyzed on an LSRII Cytometer (BD Biosciences) using FACSDiva (BD Biosciences) and FlowJo software (Tree Star). In each experiment, relevant negative-control groups and single-stained samples for each tissue were used to identify the populations of interest and to exclude others.
Statistical analysis. Data were analyzed using the Student's t test to make comparisons between two groups. One-way ANOVA was used to compare several groups. Fisher's LSD or Tukey-Kramer procedure was used for follow-up pairwise comparison of groups after the null hypothesis had been rejected ( p Ͻ 0.05). Kaplan-Meier survival curves were analyzed by log rank test to generate a 2 value for significance. A repeated-measures ANOVA was used for the grip strength test and experimental autoimmune encephalomyelitis (EAE) scoring, with follow-up using the Student's t test. Results are presented as the mean Ϯ SEM. In the graphs, y-axis error bars represent the SEM. Statistical calculations were performed using standard functions of Microsoft Excel, JMP software, and Prism version 5.0 software (GraphPad Software).
Results
The choroid plexus of mSOD1 mice is not spontaneously activated to enable leukocyte trafficking to the CNS We first examined whether mo-M⌽s are spontaneously recruited to the spinal cord of mSOD1 mice over the course of disease progression. To allow the detection of infiltrating mo-M⌽s, we created BM-chimeric mice using BM cells from CX 3 CR1 GFP/ϩ mSOD1 donor mice. We found that despite the massive microglial activation, starting from age 100 d (Fig. 1A) , mo-M⌽s were barely detected in the lumbar segment of the spinal cord in the CX 3 CR1 GFP/ϩ chimeric mSOD1 mice, up until late progressive stages of the disease ( Fig. 1 A, B) .
Upregulation of leukocyte-trafficking molecules by the CP epithelium is triggered by proinflammatory cytokines, which are elevated following acute spinal cord injury Shechter et al., 2013) . We therefore examined the levels of proinflammatory cytokines in the spinal cord of mSOD1 mice during the course of disease progression, and found that the proinflammatory cytokines IL-1␤ and IL-6 were significantly elevated, relative to WT mice, as early as age 70 d, the first time point tested (Fig. 1C) . Notably, muscle weakness, as measured by the forelimb grip strength test, was already observed at the age of 56 d in mSOD1 mice (Fig. 1D) . The early elevation of the local inflammatory response within the spinal cord parenchyma, together with the delayed appearance of mo-M⌽s, led us to consider that the CPs of mSOD1 mice might not be activated to facilitate trafficking of leukocytes to the CNS. We therefore tested, by realtime qPCR, the expression levels of leukocyte-trafficking molecules at the CPs of mSOD1 mice. The mRNA levels of ICAM-1 and VCAM-1, which are elevated in the CP following acute spinal cord injury (Kunis et al., 2013; Shechter et al., 2013), were not elevated in the CPs of mSOD1 mice relative to agematched WT mice (Fig. 1E) . Notably, the expression of ICAM-1 was even downregulated over the disease course (Fig. 1E) . Immunohistochemical staining of the CPs showed that ICAM-1 was colocalized with the apical surface of the CP epithelium, as previously reported (Steffen et al., 1996; , and confirmed its reduction at the CP during the progressive stage of the disease (day 130) in mSOD1 mice (Fig. 1F ) . In addition, the levels of chemokines that are involved in leukocyte recruitment GFP/ϩ mo-M⌽s in the ventral horn of the spinal cord of the chimeric mice (n ϭ 3-4 per group; bars represent the mean Ϯ SEM; **p Ͻ 0.01, vs WT by ANOVA, followed by Student's t test post hoc analysis). C, Protein levels of the inflammatory cytokines TNF-␣, IL-1␤, and IL-6 in the spinal cord of WT and mSOD1 mice, were measured by Multiplex ELISA at different stages of the disease (n ϭ 2 per group; bars represent the mean Ϯ SD; *p Ͻ 0.05, **p Ͻ 0.01, vs WT by ANOVA, followed by Student's t test post hoc analysis). D, The forelimb grip strength of mSOD1 mice was measured weekly and compared with the grip strength of WT mice (n ϭ 3-9 per group; mean Ϯ SEM; ***p Ͻ 0.001; F ϭ 226.45, p Ͻ 0.0001, by repeated-measures ANOVA, followed by Bonferroni post hoc analysis). E, mRNA levels of ICAM-1 and VCAM-1 in the CP of mSOD1 mice were measured by qPCR at different stages of the disease (n ϭ 6 -7 per group; bars represent the mean Ϯ SEM; *p Ͻ 0.05, vs WT littermates by Student's t test). F, Representative confocal images of the CP of 130-d-old WT and mSOD1 mice stained for the epithelial marker cytokeratin and for ICAM-1 (scale bar, 50 m). 3V, Third ventricle. G, mRNA levels of the chemokines CCL2, M-CSF, and fractalkine in the CPs of mSOD1 mice, measured by qPCR at different stages of the disease (n ϭ 5-7 per group; bars represent the mean Ϯ SEM; *p Ͻ 0.05, vs WT littermates by Student's t test). H, Protein levels of the chemokines CCL2 and M-CSF in the CPs of WT and mSOD1 mice, measured by Multiplex ELISA at different stages of the disease (n ϭ 2-4 per group; bars represent the mean Ϯ SD).
to the CNS following injury (Szmydynger-Chodobska et al., 2009 Shechter et al., 2013) , such as CCL2, M-CSF, and fractalkine (CX 3 CL1), were not elevated, as determined by either their mRNA (Fig. 1G) or protein (Fig. 1H ) levels, in the CPs of mSOD1 mice. Thus, although the spinal cord parenchyma of mSOD1 mice shared similar proinflammatory signals with those elevated following acute spinal cord injury, their CP was not activated to enable leukocyte trafficking.
IFN-␥-dependent activation of the choroid plexus is impaired in mSOD1 mice
The CP of WT mice is populated by effector memory CD4 ϩ T cells . Of the cytokines produced by these T cells, IFN-␥ was found to be essential for inducing the expression of immune cell-trafficking molecules by the CP epithelium . We therefore measured the expression levels of T-cell-derived cytokines at the CPs of mSOD1 mice. We found a general decrease, relative to WT mice, in the expression levels of both IL-4 and IFN-␥; specifically, IFN-␥ expression levels showed a decline from 70 d of age onward ( Fig. 2A) . The examination of the CPs of mSOD1 mice at different stages of disease progression by flow cytometry confirmed a reduction in T-cell numbers, including CD4 ϩ T cells, and, specifically, of IFN-␥-producing CD4 ϩ T cells, as early as 70 d of age (Fig. 2 B, C) . Moreover, the numbers of both total T cells and of CD4 ϩ T cells were lower in the CSF of 70-d-old mSOD1 mice (Fig. 2D) relative to WT mice, indicating a general reduction in CNS immune surveillance.
To test whether the CP of mSOD1 mice have an inherent inability to respond to effector T-cell cytokines, we cultured CP epithelial cells from WT and mSOD1 mice, and treated them with either IFN-␥ or IL-4. mRNA levels of various trafficking molecules were measured 24 h following the addition of the tested cytokines. IFN-␥ treatment significantly elevated the expression of trafficking molecules in CP cultures of both WT and mSOD1 mice (Fig. 2E) , demonstrating that the CPs of mSOD1 mice could respond to effector T-cell-derived cytokines. These results further supported our contention that the lack of activation of the CP in mSOD1 mice could be an outcome of the observed IFN-␥ insufficiency. . E, CP epithelial cells from 70-d-old WT and mSOD1 mice were cultured in vitro and were treated with IFN-␥ (100 ng/ml) or IL-4 (10 ng/ml), or were left untreated (UT). After 24 h in culture, mRNA levels of ICAM-1 and VCAM-1, and the chemokines CCL5 and CXCL10 in the cultured cells were measured by qPCR (n ϭ 3 per group; bars represent mean Ϯ SEM; **p Ͻ 0.01, ***p Ͻ 0.001, vs untreated cells by one-way ANOVA followed by Tukey's HSD post hoc analysis).
Immunization with a myelin-derived peptide activates the choroid plexus to support recruitment of leukocytes to the spinal cord The above observations in mSOD1 mice that the CP was suppressed with respect to its ability to support leukocyte trafficking, coupled with the findings that the activation of the CP for immune cell trafficking requires IFN-␥ signaling , and that the healthy CP is enriched with CNS-specific T cells , prompted us to test whether augmenting the levels of IFN-␥-producing autoimmune T cells in the periphery would be sufficient for activation of the CP to enable leukocyte trafficking in mSOD1 mice. To this end, we used an immunization approach that was previously found to evoke an immune response in rats that benefits recovery following spinal cord injury (Hauben et al., 2001 ). Thus, we immunized mSOD1 mice with a peptide derived from myelin oligodendrocyte glycoprotein (MOG), emulsified in incomplete Freund's adjuvant containing 0.5 mg/ml M. tuberculosis, without injections of pertussis toxin, which is routinely used to induce EAE. The immunization of mSOD1 mice resulted in a significant increase in the expression of adhesion molecules (Fig. 3A) and chemokines (Fig.  3B) by the CP, compared with PBS-injected mice, 14 d postimmunization; the increase was similar to that observed in WT mice following MOG immunization and was verified by immunohistochemical analysis, which showed an elevated expression of ICAM-1 by the CP epithelium (Fig. 3C ). An elevation in the major histocompatibility complex II (MHC-II) molecule H2-A␣ was also observed in the CP of the immunized mice (Fig. 3D) , suggesting that antigen presentation in the CP could have a role in mediating leukocyte trafficking. The activation of the CP following MOG immunization was accompanied by a marked increase in total leukocyte numbers in the CSF, including T cells, which were composed mostly of CD4 ϩ T cells (Fig. 3 E, F ) . Notably, under the same experimental conditions, immunization of WT mice with ovalbumin (OVA), failed to induce T-cell recruitment to the CSF (Fig. 3F ) , thereby demonstrating that a CNSspecific antigen response is required to induce leukocyte trafficking through the CP.
Examination of the spatial distribution of the infiltrating cells in the CNS revealed the presence of T cells along the CP-CSF migratory pathway, including the spinal cord central canal, and along the central canal ependymal layer (Fig. 3G) . Within the spinal cord parenchyma, MOG immunization resulted in a general increase in CD4 ϩ T-cell levels (Fig. 3H ) ; these cells homed to the spinal cord ventral horn, the area at which motor neurons reside (Fig. 3I ) . Notably, although we adopted a protocol that is not used to induce EAE, mild and transient symptoms of encephalomyelitis were observed in both WT and mSOD1 mice; these symptoms were spontaneously resolved by 28 d after the immunization (Fig. 3J ) .
Boosting an immune response to a myelin-derived peptide leads to accumulation of inflammation-resolving cells in the spinal cord parenchyma of mSOD1 mice
Resolution of an autoimmune response evoked against myelin antigens is associated with the accumulation of immunoregulatory Foxp3 ϩ Treg cells in the CNS parenchyma (O'Connor et al., 2007 ). Therefore, we tested Treg levels in the spinal cord parenchyma of the mSOD1 mice following MOG immunization. At 28 d after the immunization, we found a significant elevation of Foxp3 ϩ Tregs in both the spinal cord (Fig. 4A ) and the CSF (Fig.  4B ), but not in the blood (Fig. 4C) . Notably, in the absence of immunization, Tregs were hardly detectable in the spinal cord of the mSOD1 mice (Fig. 4D) . Analysis of the lumbar section of the spinal cord of the MOG-immunized mSOD1 mice by immunohistochemistry showed that Foxp3 ϩ Tregs were localized in the ventral horn gray matter in close proximity to the motor neurons (Fig. 4E ). In accordance with the increased levels of Tregs, qPCR analysis revealed a Ͼ10-fold increase in the expression of IL-10, and an increase in TGF-␤1 expression, in the spinal cord of the MOG-immunized mSOD1 mice, relative to PBS-injected WT or mSOD1 mice (Fig. 4F ) ; the proinflammatory cytokines TNF-␣ and IL-1␤ were elevated to a lesser extent (Fig. 4G) . Overall, a shift in favor of an anti-inflammatory milieu was observed as a result of the immunization (Fig. 4H ) . Analysis by immunohistochemistry further revealed that IL-10 immunoreactivity was not solely restricted to T cells (Fig. 4I ) , a finding that led us to consider that other inflammation-resolving cells, such as mo-M⌽s, might be involved. qPCR analysis of the lumbar spinal cord of the immunized mice further supported this notion by showing elevation in the expression levels of chemokines that are involved in the recruitment of mo-M⌽s (Fig. 4J ).
Immunization with a myelin-derived peptide recruits inflammation-resolving mo-M⌽s to the spinal cord of mSOD1 mice
The above results prompted us to examine whether IL-10-expressing mo-M⌽s are also recruited to the spinal cord parenchyma of MOG-immunized mSOD1 mice. To address this question, we first used WT BM-chimeric mice, in which headprotected irradiated recipients were reconstituted with CX 3 CR1 GFP/ϩ BM cells and were subsequently immunized with MOG. As a result of the immunization, increased numbers of CX 3 CR1 GFP/ϩ monocytes were found along the CP-CSF migratory pathway (Shechter et al., 2013) , including the CP (Fig.  5 A, B) , CSF (Fig. 5C ), central canal (Fig. 5D) , and spinal cord parenchyma (Fig. 5E) . Moreover, analysis by intracellular staining for IL-10-producing mo-M⌽s by flow cytometry (Fig. 5F ) revealed a significantly higher frequency of IL-10-producing cells among the CD11b ϩ GFP ϩ infiltrating mo-M⌽s, relative to their frequency among the CD11b ϩ GFP Ϫ cells in the spinal cord (Fig.  5G) . A similar effect on the recruitment of GFP ϩ monocytes to the CSF was observed in CX 3 CR1 GFP/ϩ BM-chimeric mSOD1 mice (Fig. 5H ) . Immunohistochemical examination of the lumbar section of the spinal cord, 28 d following immunization, revealed the preferential accumulation of mo-M⌽s in the gray matter of mSOD1 mice, relative to WT mice (Fig. 5 I, J ) ; IL-10-producing cells were found among these GFP ϩ cells (Fig. 5K ) . To rule out the possibility that monocyte infiltration to the spinal cord of the MOG-immunized mSOD1 mice reflected an outcome of the irradiation used to prepare the chimeric mice (Mildner et al., 2007) , we also immunized nonchimeric mSOD1 mice with MOG and examined their spinal cords after 28 d by flow cytometry for CD11b
High CD45.2 High infiltrating mo-M⌽s (Fig. 5L ). We found a significant elevation in these cells in the immunized mice, relative to PBS-injected mSOD1 mice (Fig. 5M ) . A higher percentage of IL-10-producing cells was found among the infiltrating CD11b
High CD45.2 High mo-M⌽ population, compared with the CD11b Low CD45.2 Low microglia (Fig. 5N ). To substantiate the relevance of the CP-CSF as a migratory route for the recruitment of mo-M⌽s to the spinal cord, we injected GFPexpressing BM-derived monocytes through the cisterna magna directly into the CSF of MOG-immunized mSOD1 mice (Fig.  5O) 14 d following the immunization. Immunohistochemical analysis of the lumbar spinal cord 7 d later showed that the injected GFP ϩ cells homed to both the white matter and gray matter of the ventral horn and expressed the myeloid marker Iba1 (Fig. 5P) . Notably, the cells were not seen in association with parenchymal blood vessels (Fig. 5Q) . Together, these results showed that, as a result of the immunization, inflammationresolving mo-M⌽s homed to the CNS in mSOD1 mice, at least in part via the CP-CSF entry route.
Boosting an immune response to a myelin-derived peptide slows down disease progression and results in increased survival of mSOD1 mice
We next examined the effect of MOG immunization on disease pathology in mSOD1 mice. We immunized the mice at 70 d of age, shortly following the appearance of clinical signs of ALS (Fig.  1D) . We found an elevation in the expression levels of the growth factors IGF-1 and GDNF in the spinal cords of the immunized mice 28 d postimmunization (Fig. 6A) , the time point at which immunoregulatory cells are found adjacent to the motor neurons. These growth factors were previously identified as neuroprotective in mSOD1 mice and were reported to have a beneficial effect on motor neuron soma size (Klein et al., 2005) and survival (Kaspar et al., 2003; Henriques et al., 2010) . We therefore examined whether, at this time point, motor neuron fate was affected by the MOG immunization. Since Nissl staining was performed soon after the time that inflammation-resolving cells were seen in the spinal cord (day 100), motor neuron numbers were not altered (Fig. 6 B, C) ; however, the surviving motor neurons in MOG-immunized mSOD1 mice maintained significantly larger soma size, compared with the PBS-injected group, which showed disease-associated reduction in cell size (Fig. 6D) .
To determine the effect of MOG immunization on motor function, we immunized a new cohort of mSOD1 mice, and followed their forelimb grip strength over the course of disease progression. MOG-immunized mice showed a slower decline in grip strength during the progressive stage of disease, relative to their PBS-injected littermates (Fig. 6E) . Notably, although the immunized mice displayed a transient phase of muscle weakness, which was correlated with the mild EAE symptoms, it did not mask the overall beneficial effect on motor neuron disease attenuation (Fig. 6E) . Finally, we determined whether MOG immunization affected the life span of the mSOD1 mice. We found a significant increase in life span as a result of the immunization, from 146.5 Ϯ 2.3 to 160 Ϯ 2.3 d, an average increase of ϳ14 d (Fig. 6F ) . The effect was most strongly apparent at 155 d of age, when 78.9% of the immunized mice were still alive, compared with only 17.4% of the PBS-injected animals (Fig. 6G) .
Discussion
In the present study, we found that in the mSOD1 mouse model of ALS, recruitment of immunoregulatory cells to the diseased spinal cord parenchyma is limited due to the suppression of leukocyte trafficking through the CP. Activation of the CP to enable leukocyte trafficking, by active immunization with a myelinderived peptide, resulted in the recruitment of IL-10-producing mo-M⌽s and Tregs to the spinal cord gray matter, slower disease progression, and increased life expectancy of the mSOD1 mice.
Local inflammation within the CNS parenchyma is one of the hallmarks of neurodegenerative diseases and contributes to disease progression (Sargsyan et al., 2005; . In both acute and chronic CNS pathologies, infiltration of T cells and monocytes is essential for controlling the resident microglia (Butovsky et al., , 2007 Simard et al., 2006; Trivedi et al., 2006; Shechter et al., 2009; Shechter and Schwartz, 2013) , which in neurodegenerative diseases become chronically activated and cytotoxic, and thereby actively reinforce the chronic nature of the inflammatory process (Liu et al., 2002) .
A recent report suggested that inflammatory monocytes are recruited to the spinal cord in mSOD1 mice and contribute to disease progression; those findings are in apparent disagreement with our results and those of other studies. Here, we found that in mSOD1 mice, mo-M⌽s barely accumulate in the spinal cord parenchyma up to progressive stages of the disease, before the end stage. These results are in line with those of other reported studies, which examined mo-M⌽ recruitment to the spinal cord of mSOD1 mice and reported either undetectable levels of mo-M⌽s in the spinal cord (Ajami et al., 2007) or found them confined to the perivascular spaces of the blood-brain barrier (Lewis et al., 2009) . In addition, a recent systematic deep RNA sequencing analysis of myeloid cell populations isolated from the spinal cord of mSOD1 mice revealed that only a negligible population of infiltrating myeloid cells is recruited during disease progression (Chiu et al., 2013) .
The observed limited and delayed recruitment of immunoregulatory cells to the spinal cord of mSOD1 mice was attributed here, at least in part, to the immunological suppression of the CP, as a result of a reduction in the numbers of IFN-␥-producing cells in this compartment that occurred in parallel with disease progression. IFN-␥ signaling at the CP epithelium is needed for physiological CNS immune surveillance , and a decrease in this signaling pathway was found at the CP during aging, affecting brain function Baruch et al., 2014) . As such, a reduction in IFN-␥ production by peripheral blood mononuclear cells, and a general immune deficiency was previously reported in ALS patients (Banerjee et al., 2008; Seksenyan et al., 2010; Vaknin et al., 2011) . Consistent with our present results is the reported observation that the CP epithelium of patients experiencing sporadic ALS does not express the MHC-II antigen human leukocyte antigen-DR (Vercellino et al., 2008) . The expression of MHC-II in the mouse CP is IFN-␥ dependent (Steffen et al., 1996; and was found here to be elevated following MOG immunization. Notably, we did not find any inherent defect in the ability of mSOD1 CP epithelial cells to respond to IFN-␥ in vitro. Autoimmunity to CNS antigens, and specifically to myelinderived peptides, has been suggested by our group to be part of the physiological response in CNS repair following damage (Moalem et al., 1999; Yoles et al., 2001 ). This benign autoimmune response ("protective autoimmunity"; Moalem et al., 1999) can contribute to the maintenance and protection of neurons (Ziv et al., 2006) and the promotion of recovery after traumatic injury to the CNS Schwartz and Baruch, 2014a) . The ability to mount such a response is amenable to boosting by passive or active immunization (Moalem et al., 1999; Shechter et al., 2009; Raposo et al., 2014) .
In the present study, we adopted an approach that was shown to induce beneficial autoimmunity . Such an approach might lead to mild and transient symptoms of encephalomyelitis, which do not mask the overall potential benefit of the evoked protective autoimmune response (Moalem et al., 1999; Hauben et al., 2001) . In the present study, MOG immunization was found to activate the CP for immune cell trafficking. Specifically, levels of ICAM-1, which was previously shown to be essential for leukocyte epithelial transmigration (Porter and Hall, 2009) , were found here to be reduced in the CP epithelium of mSOD1 mice and were elevated following MOG immunization. Moreover, CP expression of the chemokines CCL5, CXCL9, and CXCL10 was induced; these trafficking determinants were previously shown by us to be upregulated at the CP by IFN-␥, but not by encephalitogenic cytokines, such as GM-CSF and IL-17 . In addition, the immunization elevated the expression levels of chemokines in the spinal cord, including CXCL12 (stromal cell-derived factor-1), which were found to be elevated in the CP-CSF migratory pathway following spinal cord injury (Shechter et al., 2013) . Thereby, the allostatic immunological niche within the CNS parenchyma of the immunized mice could attract inflammation-resolving cells. In line with these results, it was previously shown that IFN-␥ signaling is needed for leukocyte recruitment to the spinal cord and for induction of classic EAE following passive transfer of MOG-specific T-helper type 1 cells (Lees et al., 2008) . The activation of the CP by MOG immunization was accompanied by the homing of CD4 ϩ T cells and mo-M⌽s to the CNS of mSOD1 mice. These cells were found within the CP-CSF migratory pathway, which includes the CSF and spinal cord central canal, which were previously characterized as the path for leukocyte homing to the injured spinal cord Shechter et al., 2013) . Within the spinal cord parenchyma of the immunized mSOD1 mice, recruited cells were found in the gray matter of the ventral horn, where motor neurons reside, possibly due to the chemotactic signals expressed in these parenchymal regions in mSOD1 mice .
In ALS murine models, Tregs were shown to attenuate the cytotoxic activity of microglia . Our immunization approach resulted in a marked elevation in inflammation-resolving cells, including IL-10-producing Foxp3 ϩ Tregs and mo-M⌽s, in the spinal cords of the immunized mice. IL-10-expressing mo-M⌽s were previously shown to locally contribute to the repair process within the spinal cord parenchyma following injury (Shechter et al., 2009) . In addition to IL-10, we found a local elevation of TGF-␤1, IGF-1, and GDNF expression. TGF-␤1 is known to be involved in the conversion of encephalitogenic CD4
ϩ T cells to Tregs and in the induction of IL-10 production by monocytes (Maeda et al., 1995) ; and IGF-1 and GDNF are neurotrophic factors that were shown to support motor neuron survival and to be beneficial in ALS (Kaspar et al., 2003; Henriques et al., 2010) . Specifically, GDNF levels were shown to correlate with the preservation of motor neuron soma size in a rat model of ALS (Klein et al., 2005) . The increased expression of neurotrophic factors, found here in the spinal cord of the immunized mSOD1 mice, together with the greater increase in IL-10 than in TNF-␣ and IL-1␤, was part of an overall shift toward an anti-inflammatory milieu. Importantly, the overall neuroprotective effect of MOG immunization was manifested in slower motor function decline at the progressive stage of disease pathology and prolonged survival of the immunized mSOD1 mice. Our current experiments were performed using mSOD1 mice that express a high copy number of the mutant SOD1 protein, and thus exhibit a rapid decline in motor function accompanied by a short life expectancy. Therefore, the increased survival time of 14 d that was observed here is of strong biological significance. This effect may be more robust in disease models in which a slower rate of disease progression may allow the infiltrating immunoregulatory cells to counteract microglial toxicity and maintain homeostasis for a longer period.
Our findings, which demonstrate that an autoimmune response facilitates a neuroprotective effect in the CNS under chronic neurodegenerative conditions, suggest that this response is either suppressed or is not spontaneously evoked in mSOD1 mice, or is not activated in a timely manner to counteract the microglial toxicity associated with motor neuron death (Appel et al., 2010; Schwartz and Baruch, 2014a) . These findings also emphasize that although ALS and the autoimmune disease remitting-relapsing multiple sclerosis (RRMS) share a chronic local neuroinflammatory component, they differ with respect to the adaptive immune response that is involved in these two diseases, reflecting a common outcome of two opposite types of peripheral immune imbalance (Schwartz and Baruch, 2014b) . Accordingly, while RRMS, and its murine model EAE, are characterized in patients by an increased effector response in the periphery and massive infiltration of T cells to the CNS, mSOD1 mice exhibit a reduced adaptive immune response in the periphery, and negligible T-cell and monocyte infiltration into the CNS Figure 6 . Boosting an immune response to a myelin-derived peptide slows down disease progression and results in increased survival of mSOD1 mice. A, mRNA levels of IGF-1 and GDNF in the spinal cords of MOG-immunized mSOD1 mice, 28 d postimmunization, were measured by qPCR and compared with their levels in PBS-injected WT and mSOD1 mice (n ϭ 4 -6 per group; bars represent the mean Ϯ SEM; *p Ͻ 0.05, ***p Ͻ 0.001, vs WT mice by one-way ANOVA followed by Student's t test post hoc analysis). B, Representative microscopic images of motor neurons (MN) in the spinal cord ventral horn of MOG-immunized mSOD1 mice, 28 d postimmunization, and PBS-injected WT and mSOD1 mice, stained by Nissl (scale bar, 25 m). C, Quantitative analysis of the MN in the spinal cords of 100-d-old PBS-injected and MOG-immunized mSOD1 mice, 28 d postimmunization, as measured by the Nissl staining, compared with the numbers in PBS-injected WT mice (n ϭ 3-6 per group; bars represent the mean Ϯ SEM; *p Ͻ 0.05, **p Ͻ 0.01, vs WT by ANOVA, followed by Student's t test post hoc analysis). D, Measurements of MN soma size in Nissl-stained spinal cord sections (n ϭ 3-6 per group; graphs show the area of individual cells in each group, and the mean Ϯ SEM; *p Ͻ 0.05, vs WT mice by one-way ANOVA followed by Student's t test post hoc analysis). E, Forelimb grip strength of MOG-immunized mSOD1 mice was measured weekly and was compared with the grip strength of PBS-injected mSOD1 mice (n ϭ 7 per group; mean Ϯ SEM; **p Ͻ 0.01, ***p Ͻ 0.001; F ϭ 4.05, p Ͻ 0.05, by repeated-measures ANOVA, followed by Bonferroni post hoc analysis). F, G, MOG-immunized mSOD1 mice (n ϭ 19) had significantly longer life span, compared with PBS-injected mSOD1 mice (n ϭ 23) as assessed by average survival age (F; bars represent the mean Ϯ SEM; ***p Ͻ 0.001, Student's t test), and by Kaplan-Meier survival curves (G; log rank test, 2 ϭ 10.25, p ϭ 0.0014). (Ajami et al., 2007; Banerjee et al., 2008; Lewis et al., 2009; Finkelstein et al., 2011; Kawamura et al., 2012; Chiu et al., 2013) . These results might also explain why treatments aimed at suppressing systemic immunity, such as those used to treat RRMS, were not effective in ALS patients. Thus, for example, treatment of RRMS by the daily administration of glatiramer acetate, which results in Treg elevation in the periphery (Haas et al., 2009) , can lead to an adverse outcome in mSOD1 mice ; similarly, the systemic injection of suppressive M2 macrophages, which is beneficial in EAE, is harmful in mSOD1 mice (Vaknin et al., 2011) . The clinical failure of the immunosuppressive drug minocycline in ALS patients, which showed either no beneficial effect or even disease exacerbation in some cases (Gordon et al., 2007) , is in line with our findings that boosting a reparative peripheral immune response is required to mitigate the pathological process in ALS. Our present approach does not directly target the mutant SOD1 protein or any other disease-specific factor, but rather introduces a more general concept regarding the need to facilitate the recruitment of immunoregulatory cells to the diseased CNS to mitigate the chronic neuroinflammation associated with neurodegenerative diseases. Importantly, however, while the identity of endogenous proteins that evoke a physiological neuroprotective immune response is not known, searching for the appropriate therapeutic antigen should be focused on identifying an antigen and immunization protocol that will boost the beneficial arm of the autoimmune response without evoking symptoms of autoimmune disease. Nonencephalitogenic peptides, such as altered peptide ligands (Conlon and Steinman, 2002) , derived from CNS proteins seem to be promising candidates Shechter et al., 2009; Raposo et al., 2014) .
